While there are myriad mechanisms of primary and acquired resistance to conventional and next-generation hormonal therapies in prostate cancer, the potential role of androgen receptor splice variants (AR-Vs) has recently gained momentum. AR-Vs are abnormally truncated isoforms of the androgen receptor (AR) protein that lack the COOH-terminal domain but retain the NH 2 -terminal domain and DNA-binding domain and are thus constitutively active even in the absence of ligands. Although multiple preclinical studies have previously implicated AR-Vs in the development of castration resistance as well as resistance to abiraterone and enzalutamide, recent technological advances have made it possible to reliably detect and quantify AR-Vs from human clinical tumor specimens including blood samples. Initial clinical studies have now shown that certain AR-Vs, in particular AR-V7, may be associated with resistance to abiraterone and enzalutamide but not taxane chemotherapies when detected in circulating tumor cells. Efforts are now underway to clinically validate AR-V7 as a relevant treatment-selection biomarker in the context of other key genomic aberrations in men with metastatic castration-resistant prostate cancer. Additional efforts are underway to therapeutically target both AR and AR-Vs either directly or indirectly. Whether AR-Vs represent drivers of castration-resistant prostate cancer, or whether they are simply passenger events associated with aggressive disease or clonal heterogeneity, will ultimately be answered only through these types of clinical trials.
INTRODUCTION

In 1941, Huggins and Hodges
1 first demonstrated the clinical efficacy of hormonal manipulation for the treatment of metastatic prostate cancer. Androgen deprivation therapy (ADT), involving surgical or chemical castration, remains the standard first-line option for men with metastatic prostate cancer, and suppression of androgen receptor (AR) signaling has been the therapeutic goal in prostate cancer drug development for seven decades. It is well known, however, that ADT only provides temporary clinical benefit and progression to castration-resistant prostate cancer (CRPC) almost always occurs after a variable period of time. In general, prostate cancer progression upon first-line ADT continues to rely on AR signaling sustained by adrenal and intratumoral androgens as well as upregulation of AR protein expression in tumor cells. The established concept that sustained AR signaling is a key molecular determinant of CRPC has directly contributed to the successful clinical development of abiraterone and enzalutamide, 2,3 both of which have been approved by the US Food and Drug Administration (FDA) to treat metastatic CRPC on the basis of survival improvements. [4] [5] [6] [7] However, a significant subset of CRPC patients demonstrates primary resistance to the two agents, and nearly all patients that are treated eventually develop acquired resistance during the course of treatment. Therefore, understanding and managing primary and acquired resistance to abiraterone and enzalutamide has become a critical unmet need. 8 One potential explanation for this resistance is the generation of AR splice variants (AR-Vs). In this review, we will discuss evolving insights into AR-V expression in prostate cancers and their implications in contemporary prostate cancer clinical care, as well as current efforts in therapeutic targeting of AR-Vs aiming to overcome resistance to novel hormonal therapies.
MECHANISMS OF ANDROGEN/AR RESISTANCE
A significant fraction of prostate tumors treated with androgen/ AR-directed therapies, including abiraterone and enzalutamide, will demonstrate a molecular signature consistent with continued 'addiction' to AR signaling. General mechanisms of androgen/AR resistance focusing on the AR pathway have been covered in several recent reviews. [8] [9] [10] [11] Tumors treated by therapies designed to suppress AR signaling are expected to acquire molecular alterations in this axis to maintain their addiction. Indeed, the AR gene is frequently amplified or mutated (less common than AR amplification) in CRPC. 12, 13 In a recent study involving 150 metastatic CRPC cases, AR amplifications or mutations were found in~62% of these cases. 13 In contrast, focal amplification of the AR gene was detected in o 1% of hormone-naive prostate cancers (n = 596). 12 In addition, overexpression of both the canonical full-length AR (AR-FL) and AR-Vs are frequently observed in CRPC. However, a wider spectrum of molecular aberrations may be responsible for sustained AR signaling, requiring carefully designed studies to dissect key drivers and determinants of resistance. 11, 14 For example, characterization of the relative frequency of previously reported molecular aberrations (including CYP17A1, AKR1C3, HSD3B1, GR and PR) in the context of aforementioned AR aberrations may help to further clarify their importance and clinical relevance. As prostate cancer is now being managed by increasingly more potent androgen/AR-directed therapies, it is reasonable to anticipate a rise in tumors in which AR expression may be low or even absent. These tumors may demonstrate histological and molecular features of neuroendocrine differentiation and/or small cell carcinoma, in which loss and/or mutations of the RB1, TP53 and PTEN genes are often observed. A recent report suggested that up to a quarter of prostate tumors resistant to abiraterone or enzalutamide may demonstrate distinct morphological and molecular features intermediate between typical acinar adenocarcinoma and neuroendocrine differentiation/small cell carcinoma. 15 It is currently unknown whether AR-Vs may be present in some of these tumors, and indeed in many of these cases serum PSA can be quite elevated suggesting ongoing AR activation. The various resistance mechanisms also portend increasingly complex patterns of intraand inter-tumor heterogeneity that will need to be accounted for in the clinical setting and relevant study designs.
AR SPLICE VARIANTS
The availability of enzalutamide and abiraterone has facilitated studies aimed at understanding the role of AR-Vs in the presence of potent inhibitors of AR signaling. AR-Vs 10, 16 are alternatively spliced isoforms of the AR mRNA usually resulting in premature termination of the AR protein product. Most AR-Vs retain the NH 2 -terminal transactivating domain (NTD) but are missing variable portions of the COOH-terminal domain including the ligandbinding domain (LBD) (Figure 1 ). In particular, AR-V7, the most frequently expressed AR-V, 16 has been implicated in resistance to enzalutamide and abiraterone in both preclinical experiments and a few recent clinical studies (see later sections). Conceptually, AR-V7 along with a number of other AR-Vs, is a biologically plausible mechanism of resistance to abiraterone and enzalutamide. AR-Vs lack the LBD, which is the intended therapeutic target of all existing androgen/AR-directed therapies (Figure 1 ). Preclinical studies have confirmed that AR-Vs are capable of mediating constitutively active AR signaling (that is, in the absence of androgens or AR-FL), [17] [18] [19] [20] [21] that expression levels of AR-Vs are typically elevated in CRPC and in response to inhibition of AR-FL signaling, [19] [20] [21] [22] [23] [24] and that AR-V expression is associated with disease progression in retrospective studies. 18, 19, 25 In clinical CRPC specimens, individual AR-Vs are often co-expressed with AR-FL and are usually less abundant than the wild-type transcripts. 13, 19, 21, 26 For example, quantitative PCR with reverse transcription (RT-PCR) analysis of circulating tumor cells from men with CRPC has revealed the median mRNA ratio of AR-V7/AR-FL is 21% (range, 1.8-208%). 27 RNA-seq analysis of CRPC autopsy and biopsy tissue has similarly revealed a broad range of AR-V7 expression ratios, 13, 27 with the median level of AR-V7 expression as a function of overall AR expression being~5% in metastatic biopsies. 13 However, because AR-FL is a very abundant transcript (increased by~10-fold in CRPC compared with hormone-sensitive prostate cancer), 19 a ratio of AR-V7/AR-FL at 5-20% would bring the levels of AR-V7 in CRPC specimens on par with the levels of AR-FL in an untreated hormone-naive tumor. Presently the levels of nuclear AR-Vs required to drive an androgen-independent transcriptome remains unclear. However, even a low level of AR-V expression may be sufficient in the setting of castration or potent full-length AR blockade. Another AR-V, designated ARv567 es , is also expressed at levels equivalent to AR-FL in certain contexts. 28 These quantitative data provide the context to fathom a clinically relevant role of AR-Vs as ligand-independent transcription factors that may or may not require AR-FL.
STRUCTURE AND FUNCTION OF AR VARIANTS
Detailed structures of various AR-Vs have been described in recent reviews. 10, 16 The key domains shared among wild-type AR-FL and all AR-Vs are the NTD and DNA-binding domain (DBD). AR-Vs lack the LBD and instead have divergent COOH-terminal extensions encoded by mRNAs derived from exon-skipping events or Figure 1 . Domain structures of full-length androgen receptor and androgen receptor splice variants. Full-length androgen receptor and androgen receptor splice variants share a core structure composed of the transcriptionally active AR NH 2 -terminal domain encoded by exon 1 and the DNA-binding domain encoded by exons 2 and 3. Androgen receptor splice variants (AR-Vs) lack the AR ligand-binding domain (LBD), which is the binding site for agonists testosterone (T) and DHT and competitive antagonists such as enzalutamide. Instead of a ligand-binding domain, androgen receptor splice variants contain CTE of variable length and sequence, which arise from exon skipping or splicing of various CE. Amino-acid sequences of CTEs from selected androgen receptor splice variants are shown. AR, androgen receptor; CE, cryptic exons; CTE, COOH-terminal extensions; DHT, dihydrotestosterone.
incorporation of alternative 3'-terminal cryptic exons (Figure 1) . The AR-NTD is an intrinsically disordered protein domain, and is responsible for the majority of AR transcriptional activity. The AR-DBD is composed of two zinc fingers that mediate AR/DNA interactions and also AR/AR dimerization. There have been multiple review articles written on various aspects of molecular structure and function of AR-FL. 29, 30 Importantly, several lines of evidence support the notion that the function and regulation of the AR-NTD and DBD may proceed similarly between AR-FL and AR-Vs. For example, the AR transactivation unit-5 (TAU5) domain in the AR-NTD has been shown to function as a key transactivation domain for AR-FL under conditions of no/low androgen. 31 The transcription factor FOXO1 has been shown to bind the AR TAU5 domain and thereby repress transcriptional activity of AR-FL and AR-Vs. 32 This indicates that TAU5 has similar roles in mediating ligand-independent transcriptional activation in the context of AR-FL and AR-Vs. In addition, the highest-affinity genome-wide binding sites for both AR-FL and AR-FL vs AR-Vs are canonical inverted repeat androgen response elements (AREs), which indicates that AR-FL and AR-Vs display similar regulation of the DBD. 33 In line with this, dimerization between AR-V monomers requires the D-box dimerization interface in the second zinc finger of the AR-DBD, 33, 34 which is the same interface required for dimerization of AR-FL. 35 An outstanding question regarding AR-V structure/function is the identity of the precise domains(s) that promote nuclear localization of AR-Vs. The hinge region located between the AR DBD and LBD harbors the canonical AR nuclear localization signal, which is required for nuclear localization of AR-FL following ligand-binding. 36 However, only certain AR-Vs encoded by mRNAs that retain AR exon 4 (such as ARv567 es ) retain this hinge region. Some AR-Vs encoded by mRNAs lacking exon 4 (such as AR-V7) do not harbor this hinge region, yet are still able to localize efficiently to the nucleus in a constitutive manner, possibly due to a NLS-like signal in their unique COOH-terminal extensions, 19, 26 although mutation of these residues has only a modest impact on the ability of AR-V7 to localize to the nucleus and does not impact on transcriptional activity. 37 One factor contributing to this efficient nuclear localization may be that most AR-Vs lack a nuclear export signal (NES) encoded by AR exon 6, which is required for nuclear exclusion of AR-FL in the absence of ligand. 38 In other studies however, some AR-Vs (including AR-V1 and AR-V9) did not demonstrate efficient nuclear localization although they lack NES, suggesting that some of the differential nuclear localization activities could be mediated by the short variant-specific COOHterminal extensions. 26 
DIMERIZATION AND CONSTITUTIVE ACTIVATION
Because AR-Vs often co-exist with AR-FL in CRPC, the role of AR-FL in mediating the function of AR-Vs remains unclear and warrants further studies. It is possible that AR-Vs may form heterodimers with AR-FL. 20, 21 If so, therapeutic targeting of AR-FL alone may theoretically disrupt AR-V-mediated functions. 21 Xu et al.
34
characterized protein-protein interactions between AR-Vs (AR-V7 and ARv567 es ) and AR-FL using bimolecular fluorescence complementation and bioluminescence resonance energy transfer assays. In this study, AR-Vs were found to form heterodimers with AR-FL and also to form homodimers with themselves in the absence of androgens, possibly through NTD-to-CTD interactions (NTD of AR-V and CTD of AR-FL) as well as DBD-to-DBD interactions (present in both AR-Vs and AR-FL). These data suggest potential interdependency between AR-FL and AR-Vs. However, the focus on overexpression models (as opposed to cells expressing endogenous AR-FL and AR-Vs) may limit the generalizability and clinical relevance of the findings. 39 Indeed, overexpression experiments using diverse readouts (co-immunoprecipitation, bimolecular fluorescence complementation) have consistently been successful in detecting AR-FL/AR-V heterodimers. 20, 34, 40 However, it remains plausible that the detected interactions may represent transient, DNA-dependent interactions given that AR-FL and AR-Vs have overlapping DNAbinding sites. 33 In line with this, reports testing heterodimerization between endogenously expressed AR-FL and AR-Vs have had mixed results. For example, an endogenous interaction between AR-FL and AR-Vs was not detectable in the 22Rv1 or CWR-R1 cell lines 18, 41, 42 and in only one instance were interactions between AR-FL and ARv567 es detected in lysates from patient-derived xenografts. 20 Because of these mixed findings, it remains unclear whether AR-FL and AR-Vs directly interact or in what contexts, particularly in patients. Studies designed to detect dimer formation in situ may help to shed additional light on this important topic.
MOLECULAR ORIGINS OF AR VARIANTS
The mRNA and protein expression levels of AR-Vs relative to AR-FL varies within normal and malignant hormone-naive and castration-resistant prostate tissues, 13, 19, 22, 26, 43 circulating tumor cells 27, 44 and prostate cancer cell lines. [17] [18] [19] This suggests that AR-V synthesis is not simply a byproduct of AR splicing. One mechanism that can dramatically alter the ratio of AR-V expression to AR-FL is rearrangement of the AR gene. For example, the 22Rv1 and CWR-R1 cell lines, which express high levels of AR-V7 and display AR-V-driven resistance to AR-targeted therapies, harbor large intragenic structural rearrangements in AR. [45] [46] [47] Interestingly, the CWR-R1 cell line is heterogeneous, and the cell sub-population harboring a rearranged AR allele was shown to be the cell subpopulation with AR-V7-driven antiandrogen resistance. Conversely, the CWR-R1 cell sub-population without this rearranged AR gene expressed very low levels of AR-V7 and displayed sensitivity to antiandrogens. 46 In addition, intragenic AR rearrangements have also been shown to dramatically impact expression of ARv567 es . For example, the LuCaP86.2 and LuCaP136 patientderived xenografts harbor intragenic deletions and inversions, respectively, of a segment of the AR gene containing AR exons 5, 6 and 7. 28, 47 In the case of these alleles, AR-FL expression is abolished, and ARv567 es is the only AR species synthesized. 28 Additional mechanisms have been demonstrated to impact AR-V mRNA and protein levels in prostate cancer cells, which may function independently from or synergistically with structural alterations in the AR gene. An early observation in several prostate cancer cell lines was that specific inhibition of the AR-FL protein (via castration, antiandrogen treatment or siRNA) led to increased expression of AR-V7. 22, 23 However, concomitant increases in AR-FL expression have also been observed with these manipulations, which is likely the result of negative feedback inhibition through AR transcriptional autoregulation. 48 Similarly, overexpression of components of the canonical and non-canonical NF-κB signaling pathways in LNCaP cells (including IKK2, p65/RelA and p52) led to increased expression of AR-FL and AR-Vs, and inhibition of components of these pathways via siRNA or chemical inhibitors led to decreased expression of AR-FL and AR-Vs. [49] [50] [51] Further, knockdown of hnRNPA1 (encoded by the HNRNPA1 gene) and hnRNPA2 (encoded by the HNRNPA2B1 gene), which are both regulated by NF-κB, decreased AR-FL and AR-V7 protein expression in 22Rv1 and VCaP prostate cancer cells. 50 Additional hnRNPs, including hnRNP1 (encoded by the PTBP1 gene) and hnRNPH1 (encoded by the HNRNPH1 gene), have also been shown to physically associate with the AR gene locus and positively affect expression of AR-FL and AR-Vs in various cell lines. 52 Interestingly, splicing factors SF2 (encoded by the SRSF1 gene) and U2AF65 (encoded by the U2AF2 gene) have been shown to associate with the AR pre-RNA near the exon CE3/3b (encoding the 3'-terminal exon of AR-V7) splice acceptor. Further, knockdown of these factors impaired splicing of exon 3 to CE3 but not exons 3 to 4 in LNCaP95, a cell line derived from the parental LNCaP line with high levels of AR-V7. 53 Overall, these studies have provided a diverse set of factors that can affect AR-V synthesis, but it should be noted that most of these factors also have similar effects on AR-FL synthesis, indicating that in these cell line models, production of AR-Vs may be influenced by aberrant AR transcription and perhaps a consequential change in splicing dynamics, rather than aberrant AR splicing that specifically affect the expression of AR-Vs.
Contemporary prostate cancer genome-sequencing studies have not been able to confirm an early report of a Q640X stop point-mutation in prostate cancer that can give rise to an AR-V-like truncated AR protein species. 13, 43, 54 This raises the question: if truncation of the AR LBD is an effective resistance mechanism in prostate cancer, why are not truncating mutations observed? One possibility may be that mRNAs harboring premature termination codons in exons 4-7 of the AR gene would have subsequent exons splice downstream of this mutant termination codon, which is the classical signal for degradation by nonsense-mediated mRNA decay. 55 Therefore, rearrangement of the AR gene and/or changes in splicing dynamics may be the only mechanism(s) available to achieve expression of AR-V proteins in prostate cancer cells.
AR AND AR-V TRANSCRIPTOMES
AR-Vs were initially found to function as constitutively active transcription factors that can activate transcription of AR-regulated target genes, such as KLK3 (PSA), KLK2 (HK2), TMPRSS2 and NKX3-1.
17 Subsequent studies indicated that AR-Vs can not only support the broad androgen/AR transcriptional program 22, 46 but may also uniquely transcriptionally activate alternative targets such as AKT1, 18 genes associated with M-phase regulation of the cell cycle including UBE2C and CCNA2 [ref. 22] and the FOXA1-repressed target genes EDN2 and ETS2. 56 In contrast, a ChIP-seq study found that ARv567 es displayed the same genome-wide binding preference as AR-FL, but engaged chromatin sites with weaker affinity. 33 Chromatin sites found to be engaged by both ARv567 es and AR-FL included UBE2C, CCNA2, EDN2 and ETS2, which would not be expected if these genes were unique transcriptional targets of AR-Vs. 33 One explanation for the apparent discrepancy, among many others, 57 may be the known biphasic nature of androgen signaling. 46 This biphasic signaling profile, wherein prostate cancer cells proliferate maximally when exposed to androgens in the 0.1-1.0 nM range, but display paradoxical proliferative inhibition when androgens are 10 nM and above, is one of the justifications for trials of high-dose testosterone therapy for men with castration-resistant prostate cancer. 58 Accordingly, many of the gene targets that have been proposed to be unique to AR-Vs, including UBE2C and CCNA2, may be induced by AR-FL in the low androgen environment but repressed under high suppressive androgen levels. 46 Similarly, AR-V7 has been shown to activate (while AR-FL has been shown to repress) the tricarboxylic acid cycle-related genes MDH1 and OGDH. This differential gene expression has been linked to differences in metabolism noted for LNCaP cells expressing AR-V7 versus LNCaP cells treated with androgen. 59 Overall, these studies have documented several differences when AR-FL and AR-V transcriptional targets have been evaluated head-to-head. Further investigation is required to determine whether these and other AR-V gene targets are truly unique, or instead gene targets common to AR-FL and AR-Vs that display threshold and/or biphasic responses to varying levels of AR transcriptional output.
PRECLINICAL DATA ON AR-V INHIBITION
Despite many studies documenting expression of AR-Vs in prostate cancer cell lines, patient-derived xenografts, patient tissues and circulating tumor cells, relatively few studies have evaluated the potential therapeutic efficacy of directly inhibiting AR-Vs. This is because many of the manipulations or treatments that have been applied to AR-V-expressing prostate cancer cells can inhibit both AR-FL and AR-Vs. Therefore, it has been difficult to discern the relative contributions of these two AR species to key biological parameters. For example, development of enzalutamide resistance in the LNCaP cell line model has been shown to be associated with increased expression of AR-FL as well as AR-V7. Antisense oligonucleotides (ASOs) that inhibited AR-FL expression inhibited growth and induced apoptosis in these enzalutamideresistant cells. However, these effects were equivalent for various AR-targeted ASOs, even those that blocked AR-FL but not AR-V7. Alternatively, in 22Rv1 cells, ASOs that blocked expression of AR-FL and AR-V7 were more effective in inhibiting growth and inducing apoptosis than ASOs that only blocked AR-FL. 60 Similarly, a separate study showed that LNCaP cells stably expressing AR-Vs remained sensitive to inhibition of AR-FL via siRNA-mediated knockdown or treatment with enzalutamide, 21 indicating that mere expression of AR-Vs in this cell line model may not be sufficient to drive all parameters of resistance. In contrast, in cases where AR-V synthesis is due to underlying rearrangements in the AR gene, selective ablation of AR-V expression can impair proliferation of prostate cancer cells and restore responses to androgens and antiandrogens. 28, 46 AR VARIANTS AND EPITHELIAL PLASTICITY Emerging data suggest a complex relationship between AR biology and epithelial plasticity, defined as the ability of cells to reversibly undergo phenotypic changes. 61, 62 These phenotypic changes range from alterations in gene expression to protein translation, changes in invasion, proliferation and metastasis, and changes in morphology, such as the mesenchymal or neuroendocrine transition. In transgenic mice engineered to overexpress either AR-V7 or AR-V567 es , increases in invasion and stemness/ plasticity biomarkers were observed during castration-resistant outgrowth. 63, 64 This was accompanied by a promotion of paracrine signaling in the tumor microenvironment, which then contributed further into treatment resistance and growth/invasion. It has long been appreciated that castration itself can induce mesenchymal biomarker expression in cell lines, xenografts and patient samples, including induction of N-and OB-cadherin expression, SNAIL and ZEB1, and loss of cytokeratin and PSA expression. 65, 66 Loss of cytokeratin expression has been associated with activation of stemness pathways, such as NOTCH or GLI, as well as chemotherapy resistance in prostate cancer. 67 Growth of prostate cancer cells in charcoal-stripped media can also induce higher levels of AR-FL and AR-Vs. 22, 23 Finally, circulating tumor cells from men with metastatic CRPC frequently express both epithelial and mesenchymal markers, suggesting that this plasticity is important in lethal disease. 68 A key question that emerges from these observations is: what is the relationship between such plasticity and AR biology?
Overexpression of AR-V7 has been demonstrated to result in higher levels of SNAIL, TWIST, N-cadherin and ZEB1, despite a lack of impact on cytokeratin or E-cadherin downregulation. 69, 70 These data suggest that overexpression of AR-Vs may induce a partial EMT in some contexts. These data have also been observed with androgens and overexpression of AR-FL, which may also drive an EMT program in some contexts. Induced cellular plasticity and invasion has also been observed with exogenous androgens, which may also drive an EMT program in some contexts of low AR activity and TGF-β signaling dependence. 71 These authors observed suppression of epithelial plasticity by overexpression of AR-FL, but did not measure AR-Vs in their system. A relationship between SNAIL overexpression and induction of both AR-FL and AR-V7 has recently been demonstrated, which promotes resistance to enzalutamide. 72 SNAIL has been demonstrated to be overexpressed in patients with metastatic prostate cancer and high-grade disease, and is commonly found in neuroendocrine prostate cancer metastases. [73] [74] [75] [76] Overexpression of SNAIL was accompanied by increased migration and invasion in the context of these alterations in AR biology. Although in some contexts, SNAIL may lead to loss of AR activity and plasticity or neuroendocrine prostate cancer transformation, in other contexts it appears that SNAIL may lead to alternative splicing of AR and/or increased AR expression, which may promote enzalutamide resistance. Further work will clarify the mechanisms of this relationship, including the impact of epithelial plasticity proteins on alternative splicing and epigenetic regulation of AR. However, these data suggest that AR biology may be directly impacted by cellular differentiation programs normally operative during embryology, and which are re-awakened during metastasis. In addition, AR inhibition may lead to generation of AR-Vs which can then activate these latent programs as part of a reciprocal relationship.
CLINICAL SIGNIFICANCE OF AR-V7
Although at least 22 AR-Vs have been discovered to date in tumor samples from patients with metastatic CRPC, 13 AR-V7 is the most clinically relevant variant. This is because it is the most frequently observed and the most abundant AR-V in clinical specimens, and is the only variant that can be detected reproducibly at both the mRNA and protein levels. In addition, a number of retrospective studies (assessing AR-V7 using a variety of methods) have suggested that this variant is associated with more rapid disease progression and shorter survival in men with metastatic CRPC. 18, 19, 25, 77, 78 The first prospective study to evaluate the prognostic impact of AR-V7 was conducted by Efstathiou et al. 79 In that study, 60 men with bone-metastatic CRPC were treated with enzalutamide and underwent bone marrow biopsies at baseline and after 8 weeks. The presence of AR-V7 (on 41% of tumor cells, detected at the protein level using immunohistochemistry on formalin-fixed paraffin-embedded specimens) was associated with primary resistance to enzalutamide. More specifically, AR-V7 protein was detected in 57% of men who developed disease progression within 4 months of starting enzalutamide, but was not detected in any patient who responded to enzalutamide for longer than 6 months. These finding were inline with an earlier study by the same investigators 80 evaluating the combination of abiraterone and enzalutamide in 60 men with bone-metastatic CRPC. In that study, AR-V7 protein was detected in bone marrow biopsies from 66% of patients who developed progression within 4 months, but in none of the men who responded to therapy for more than 6 months.
More recently, Antonarakis et al. 27 have developed an assay to serially evaluate AR-V7 at the mRNA level from circulating tumor cells (CTCs), using a RT-PCR detection method (positivity is defined as detection of AR-V7 cDNA at ⩽ 36 PCR cycles). These authors conducted a prospective study assessing the prognostic role of AR-V7 in 31 CRPC patients receiving abiraterone and 31 patients receiving enzalutamide. In the abiraterone-treated cohort, AR-V7 was detected at baseline in 19% of patients. AR-V7-positive men had lower PSA response rates (0 vs 68%), shorter progression-free survival (hazard ratio (HR) 16.5) and shorter overall survival (HR 9.9) to abiraterone than AR-V7-negative men. The baseline prevalence of AR-V7 in the enzalutamide-treated cohort was 39%. Again, AR-V7-positive men had lower PSA response rates (0 vs 53%), shorter progression-free survival (HR 8.5) and shorter overall survival (HR 4.3) to enzalutamide than AR-V7-negative men. Notably, the prevalence of AR-V7 was higher in enzalutamide-treated men who had previously received abiraterone and in abiraterone-treated men who had previously received enzalutamide; AR-V7 prevalence was lowest in men who did not receive either agent. In addition, when assessing serial CTC samples over time, the authors reported that all men with baseline detection of AR-V7 remained AR-V7-positive during the course of therapy with abiraterone and enzalutamide, while 14% of men with negative AR-V7 status at baseline converted to AR-V7-positive during treatment; these patients had intermediate clinical outcomes.
These findings were supported by an independent study recently published by Steinestel et al. 81 In this prospective study, the authors used a CTC-based RT-PCR assay to detect AR-V7 in the context of various therapies for CRPC, including 22 patients receiving abiraterone (n = 10) or enzalutamide (n = 12). To this end, the PSA response rate to abiraterone or enzalutamide was 7% among AR-V7-positive patients and 63% among AR-V7-negative patients. Notably, one AR-V7-positive patient did have a PSA response to abiraterone, suggesting that a small proportion of AR-V7-positive men may derive some benefit from abiraterone or enzalutamide. In addition, this study confirmed that the prevalence of AR-V7 was higher in patients who had previously received abiraterone or enzalutamide compared with those who had not.
Another important question is whether the presence of AR-V7 is relevant in the setting of taxane chemotherapy, especially because two preclinical studies had previously produced conflicting results in this regard. 82, 83 To answer this question, Antonarakis et al.
84
performed a second prospective study using their CTC-based AR-V7 RT-PCR assay on 37 patients beginning treatment with docetaxel (n = 30) or cabazitaxel (n = 7). The prevalence of AR-V7 in these patients, most of which had previously received abiraterone and/or enzalutamide, was 46%. Encouragingly, PSA responses were observed in both AR-V7-positive and AR-V7-negative men (41 vs 65%). Similarly, progression-free survival was not statistically different in AR-V7-positive and negative patients. As a hypothesisgenerating exercise, the authors then incorporated data from their prior study of 62 abiraterone-and enzalutamide-treated patients, and showed that clinical outcomes appeared to be better with taxanes compared with enzalutamide or abiraterone in AR-V7-positive men, while outcomes did not appear to differ by treatment type in AR-V7-negative men. More specifically, in AR-V7-positive patients, PSA responses were higher in taxane-treated vs enzalutamide-or abiraterone-treated men (41 vs 0%), and progression-free survival was longer in taxane-treated men (HR 0.21). A very interesting observation from this study was that a significant proportion of patients (58%) with baseline positive AR-V7 converted to AR-V7-negative during treatment with docetaxel or cabazitaxel. Whether or not such transitions in AR-V7 status may re-sensitize such patients to further AR-directed therapies is unknown. 85 In an independent prospective clinical trial, Onstenk et al.
86
developed a CTC assay to evaluate AR-V7 mRNA in 29 CRPC patients starting therapy with cabazitaxel. The prevalence of AR-V7 at baseline in these patients, who had all received prior docetaxel as well as abiraterone in most cases, was 55%. In support of the previous study, the authors showed no significant differences between AR-V7-negative and AR-V7-positive patients with respect to PSA responses (18 vs 8%), progression-free survival (HR 0.8) or overall survival (HR 1.6). Therefore, taken together with the findings from the previous study, the preliminary evidence to date suggests that presence of AR-V7 may not be a marker of resistance to taxane chemotherapy and may therefore represent a treatment-selection biomarker in CRPC.
CLINICAL QUALIFICATION OF AR-V7: A TREATMENT-SELECTION BIOMARKER?
Despite the intriguing clinical correlations discussed above, these findings remain preliminary and will require systematic prospective validation and clinical qualification. As such, it remains premature at this time to use CTC-based AR-V7 testing in routing clinical practice to inform treatment decisions. AR-V detection and presence in men with metastatic CRPC must be understood in the context of a number of additional known resistance and progression-related genomic and epigenomic alterations (Figure 2 ). These include both AR-dependent and AR-independent mechanisms, immune tolerance, DNA repair defects and aberrations in key oncogenes or tumor suppressors implicated in CRPC progression. Although there are a number of AR-V7 validation studies currently being conducted, this review will highlight two examples. Other studies aiming to confirm (or refute) the clinical relevance of AR-V7 in CRPC patients are summarized in Table 1 . The first study is the Sanofi-sponsored PRIMCAB trial (NCT02379390), whose target population is men with metastatic CRPC who have developed clinical disease progression within 6 months of starting abiraterone or enzalutamide. Such patients (n = 274) will be randomized equally to receive either cabazitaxel chemotherapy or the alternative AR-directed therapy. The primary end point of this trial is radiographic progression-free survival. As a secondary end point, the trial will prospectively evaluate baseline AR-V7 mRNA status from CTCs as a putative predictive biomarker in this setting, where the prevalence of AR-V7 mRNA is expected to be~33%. Johns Hopkins will serve as the central laboratory for AR-V7 testing in this trial. Exploratory analyses will also evaluate transitions in AR-V7 status at the time of progression.
The second study is a Prostate Cancer Foundation (PCF)-sponsored prospective biomarker trial (NCT02269982) evaluating three different CTC-based AR-V7 assays in 120 men with metastatic CRPC who have not received taxane chemotherapy for CRPC. In an attempt to enrich for patients with evaluable CTCs, eligible subjects must have at least two of the following high-risk features: radiographic progression, hemoglobin o 10 g dl − 1 , alkaline phosphatase above normal, lactate dehydrogenase above normal, PSA doubling time o 3 months, prior abiraterone or enzalutamide use, presence of visceral metastases, presence of pain requiring narcotics or detectable CTC using the CellSearch platform. In this non-interventional trial, patients will receive standard-of-care abiraterone or enzalutamide and then may also chose to receive standard-of-care taxane at progression. AR-V7 testing will be performed before AR-directed therapy, at progression on AR-directed therapy, and also at progression on chemotherapy (for those patients subsequently receiving taxane treatment). Each patient will undergo AR-V7 testing with three clinical assays at each time point: the Johns Hopkins mRNA-based assay, the Weill-Cornell mRNA-based assay (which also evaluates other AR-Vs), and the EPIC Sciences protein-based AR assay (San Diego, CA, USA). The coordinating center for this trial is the Duke Cancer Institute. In this study, the relationship of AR-Vs with outcome will be analyzed in the context of CTC enumeration, clinical phenotypes and other genomic aberrations detected in CTCs and cell-free DNA through copy number analysis and wholeexome sequencing, including AR amplification and other pathways implicated in CRPC (Figure 2 ).
THERAPEUTIC TARGETING OF AR-V7
While there are currently no agents in clinical use that can specifically target AR-V7 or other AR-Vs in prostate cancer, a number of interesting compounds are now in clinical development that may have AR-V-directed activities. Here we will highlight three of these agents, while others are summarized in Table 2 .
The first drug is galeterone, manufactured by Tokai Pharmaceuticals, Boston, MA, USA. Galeterone is an oral AR signaling inhibitor that possesses three mechanisms of AR-directed action: it inhibits CYP17 lyase, it antagonizes the AR ligand-binding domain, and it destabilizes AR protein via an unknown, proteasomedependent mechanism. 87 Interestingly, treatment of AR-Vexpressing prostate cancer cells with galeterone also leads to reduced AR-V expression (including AR-V7), presumably through this same proteasome-dependent mechanism. 88 In a post hoc analysis of the phase 2 ARMOR2 trial, six out of seven men with reduced/lost expression of the AR COOH-terminal domain (as determined by immunohistochemistry on CTCs using an AR COOH-terminal domain-specific antibody) achieved a 450% PSA reduction with galeterone. Based on these preliminary data, a registrational phase-3 trial, ARMOR3-SV, was launched in Q4 2015 (NCT02438007). Eligible patients are those with AR-V7-positive metastatic CRPC without prior treatment with abiraterone, enzalutamide, or taxane chemotherapies. AR-V7 testing will be conducted using a CLIA-certified assay developed by Qiagen (Hilden, Germany). Patients with CTCs positive for AR-V7 mRNA (n = 148) will be equally randomized to receive either galeterone 2550 mg daily or enzalutamide 160 mg daily. The primary end point is radiographic progression-free survival, with the key secondary end point being overall survival. Notably, ARMOR3-SV is the first registrational trial in prostate cancer to use a biomarkerselection precision-medicine trial design, and will test the efficacy of a multi-targeted AR-directed agent in men with detectable CTCs who would not be predicted to benefit substantially from a pure AR-FL inhibitor.
The second agent is EPI-506 (an oral prodrug of EPI-002, manufactured by ESSA), which is the first drug capable of targeting the AR-NTD. 89 Specifically, EPI-002 is one out of four stereoisomers of racemic EPI-001 which is a chlorinated bisphenol compound that can bind covalently to the AR-NTD. Because the NTD is common to both in the AR-FL and in all of the AR-Vs (including AR-V7), treatment with EPI-506 would be expected to extinguish all forms of AR signaling. Indeed, preclinical studies with EPI-002 have shown that this compound has activity in several AR-V expressing cell lines and xenograft models, including LNCaP95 and VCaP. 90, 91 However, EPI-001 has also been shown to have anti-proliferative activity at higher doses in AR-null prostate cancer cells, and demonstrates effects that are independent of the AR-NTD, including inhibition of AR expression, selective PPARγ agonist activity, and a general pH-dependent alkylating activity. 92 Based on these encouraging preclinical data, a phase 1 trial (including a subsequent phase 2 expansion) was initiated in Q1 2016 (NCT02606123). Eligible patients will be those with metastatic CRPC who have previously received either abiraterone or enzalutamide; one prior taxane therapy is also permitted but not required. 93 Exploratory analyses of AR-V7 and AR mutations will also be conducted in this trial, but this information with not be used for patient selection or stratification.
The third agent with potential activity against AR-V-expressing prostate cancer is the anti-helminthic drug niclosamide. In a drug library screen aimed at identifying FDA-approved drugs capable of targeting AR-V7, niclosamide emerged as an unexpected hit. 94, 95 Further mechanistic studies suggested that this agent functioned by promoting degradation of AR-FL and AR-V7 through a proteasome-dependent pathway. Interestingly, this study noted that AR-V7 degradation occurred more rapidly than AR-FL degradation in niclosamide-treated cells. Remarkably, niclosamide demonstrated significant antitumor activity in a number of AR-V-expressing CRPC cell lines (C4-2 and CWR22Rv1), as well as in a CWR22Rv1 xenograft model. Notably, 22Rv1 was Abbreviations: AR-V7, androgen receptor splice variant 7; CTC, circulating tumor cell; mCRPC, metastatic castration-resistant prostate cancer; OS, overall survival; rPFS, radiographic progression-free survival.
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found to be completely resistant to enzalutamide, but niclosamide resulted in tumor growth restriction in this model, while the combination of niclosamide and enzalutamide produced maximal tumor inhibition. Based on these preclinical data, a phase 1 clinical trial was launched in Q4 2015 (NCT02532114) for men with abiraterone-pretreated CRPC who test positive for AR-V7 using a CTC-based AR-V7 assay developed at the University of Washington, Seattle. In this trial, patients will receive enzalutamide 160 mg plus escalating doses of oral niclosamide (500 mg three times daily, 1000 mg three times daily and 1500 mg three times daily). Exploratory analyses will evaluate changes in AR-V7 status during the course of niclosamide treatment and at the time of progression.
UNRESOLVED QUESTIONS AND FUTURE RESEARCH
The principal question that arises from the data presented is whether AR-Vs, particularly AR-V7, are drivers of malignant progression and treatment resistance in the clinic, or whether AR-Vs are passenger markers of aggressive disease. For example, high levels of AR copy number amplification may be associated with altered splicing which may lead to the detection of these variants in CTCs or tissues, but it may be that AR-FL gains rather than AR-V expression is important given their relative abundance. Recent data suggest a strong relationship between AR copy gains detectable in plasma cell-free DNA and poor outcomes with abiraterone in men with metastatic CRPC. 96 The relationship between AR copy gains and altered splicing of AR in patients is unclear, and which biomarker is most associated with poor response remains undetermined. In addition, heterogeneity of CTCs clearly exists in men with mCRPC, and while AR-Vs may be detectable, they may co-exist with other aggressive disease genotypes and phenotypes, such as neuroendocrine transformation, de-differentiation and stem-like phenotypes, as well as ARnull CTCs (Figure 2 , 13, 97 ). The dissemination of CTCs, which allows AR-Vs to be detectable, may itself be a marker of highly aggressive/invasive disease and epithelial plasticity which may or may not be causally related to AR-Vs. 98 In addition, targeting of AR-Vs in preclinical models appears to be context-dependent. In some contexts, reduction of AR-Vs may restore sensitivity to AR antagonists, while in other contexts AR-V action appears expendable while AR-FL activity appears dominant. Some of this model dependence may be related to the presence of agonistic mutations that prevent AR-Vs from emerging in the presence of drugs such as enzalutamide, while in other contexts, AR-Vs may be found at low levels or unlinked from tumor cell growth. 60 Men with metastatic CRPC present with a large number of genomic alterations that impact on DNA repair pathways, PI3K pathway signaling, cell cycle pathways, stemness/differentiation pathways (WNT and NOTCH signaling), epigenetic signaling and p53 loss among many others. 13 In addition, epigenetic divergent evolution toward a neuroendocrine phenotype may lead to a loss of AR dependence, 99 which may co-exist and eventually overtake AR-dependent clones under the selection pressures of hormonal therapy. These genomic lesions may take on a more important role when AR-FL is suppressed, and while AR-Vs may become detectable due to AR-FL suppression, their persistence may be transient, and may be expendable in the context of these additional mutations. Furthermore, the metastatic process in prostate cancer is accompanied by widespread alterations in splicing decisions, which may impact many genes other than AR. Silencing of AR and a movement away from AR dependency is clearly operative in several cases after progression on enzalutamide/abiraterone, and in this context it is unlikely that further AR inhibition (even with inhibitors that target the AR-NTD or DBD, or anti-AR immunotherapy) would have therapeutic efficacy.
To discern the driver vs. passenger role of AR-Vs in the clinical setting, trials in which agents that selectively inhibit AR-Vs (or both rPFS, radiographic progression-free survival.
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AR-FL and AR-Vs) are needed. Such trials are listed in Table 2 , as agents such as galeterone, EPI-506, and perhaps others may have activity in AR degradation or inhibition of AR more broadly. Demonstrating reversal of resistance with these agents would provide proof-of-concept that at least some of the resistance to AR-LBD inhibitors is mediated by AR-Vs. However, if efficacy is modest or short-lived, it would imply that AR-Vs are merely markers of aggressive disease, and that other approaches beyond AR targeting are needed, such as immunotherapy or combinations with poly (ADP-ribose) polymerase inhibitors or chemotherapy. 100 However, the fact that AR-V protein expression appears to increase during hormonal therapy indicates strong clonal selection or plasticity induced by drug treatment, and suggests that further targeting of the AR is likely to provide clinical benefit. The key question is whether the root/trunk cells in CRPC remain ARnegative and de-differentiated, even while spawning more differentiated progeny. If this is the case, potent AR inhibition with NTD inhibitors may only select for more aggressive AR-null clones such as the neuroendocrine prostate cancer transformation over time. Given this, ongoing and future trials of novel AR inhibitors should measure and account for this heterogeneity in both genotype and phenotype, and track it longitudinally. One such ongoing study (NCT02269982) is doing exactly this, using cell-free RNA/DNA, CTC-derived RNA/DNA, and measures of tumor heterogeneity in the context of AR-V detection. Given that data suggest that AR-Vs may promote plasticity itself in a feed-forward loop, which may eventually lead to escape from AR dependency, measures of the relationship between plasticity, stemness, neuroendocrine prostate cancer transformation and AR biology in CRPC patients receiving standard-of-care therapies are needed over time. Only through such pharmacodynamic and mechanistic studies can we develop broader therapeutic approaches, such as immunotherapies or combinations of targeted agents, to address this heterogeneity within patients and between patients. Finally, such predictive biomarker-driven studies may permit the optimization of care delivery to those men with CRPC who are most likely to benefit, saving patients and society from the burdens of cost and excess toxicity from ineffective agents.
CONCLUSIONS
We have reviewed the origin, structure, and biology of AR variants, and have demonstrated the strong clinical associations of measurements of AR-Vs in CTCs with clinical outcomes in CRPC patients receiving novel AR-targeted therapies and taxane chemotherapies. AR variants are likely an important contributor to CRPC progression and AR therapy resistance, and emerging biomarkers of AR variant expression in patients should help to select men with prostate cancer most likely to benefit from ARtargeted therapies or to select men who are appropriate for other systemic approaches. Much of these data suggest that in some patients, targeting of the AR-NTD or DBD may provide greater therapeutic benefit than targeting the AR LBD alone, or that combination approaches with AR LBD inhibitors may be beneficial. A number of biomarker-based predictive trials are ongoing to examine AR variants in the contexts of standard enzalutamide or abiraterone therapy. In addition, AR variant expression is being utilized in several trials of novel hormonal or immunologic agents in order to demonstrate clinical benefit in AR variant-driven tumors. As most of oncology moves toward using precision biomarkers, we anticipate that measures of AR biology, including AR-Vs, in the context of a broad genomic characterization of patients, will help to select patients for AR-directed therapies vs chemotherapies, to monitor more closely those men who appear to have only a modest AR dependence due to tumor heterogeneity or plasticity, and to direct patients who appear to have AR-independent disease to other therapies (including radium-223, immunotherapy approaches or clinical trials). The ultimate goal driving these trials is a personalized medicine approach to optimizing care based on the underlying and treatment-induced genotype and phenotype of men with mCRPC.
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